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Abstract

:

Selective laser melting is an additive manufacturing technology used to fabricate metal parts characterized by complex geometries that are difficult or impossible to produce with conventional production methods. One of the major drawbacks of laser melting is the poor surface quality that typically is not satisfactory for functional applications. The aim of this work is to use areal analysis to characterize selective laser melting surfaces. The results highlight a marked variability and anisotropy that cannot be evaluated through traditional measurement. The building orientation and secondary finishing operations are analyzed and discussed. Findings demonstrate how areal analysis can be used to determine how to implement barrel finishing with the aim of reducing anisotropy and increasing surface quality.
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1. Introduction


Additive manufacturing (AM) is a set of relatively new technologies that helps manufacturers to produce physical parts directly from a computer model by adding layers of material on top of each other. These technologies have proven to be useful when producing complex, expensive, and time-consuming parts. In such cases, the entire process produces less waste than traditional methods, both environmentally and economically. AM is adopted by many industries, i.e., automotive, aerospace, biomedical, and many others, because of the wide range of materials and machines available [1].



The AM process studied in this work is selective laser melting (SLM), which belongs to the powder bed fusion category [2]. SLM is one of the fastest-growing technologies, as it enables the production of metal shapes that are difficult or impossible to obtain with conventional production methods [3,4].



Besides providing numerous advantages, there are also some serious limitations when using SLM. The involvement of various processing parameters and their influence on the resulting surfaces determine the attainable quality of the fabricated parts to be insufficient for functional applications in most cases [5,6,7,8,9].



Because the resulting surface quality can considerably influence the properties of the final product, it is vital to understand the causes of surface imperfections to improve the quality of final products [10].



SLM surface quality is affected by various causes, e.g., the formation of microstructures and defects, such as pores, slags, cracks, incomplete fusion holes, and other surface anomalies [11,12,13].



The microstructures formed by SLM differ from those of conventional production methods [14,15]. These variations depend upon several factors, such as the processing parameters [9,16], the surface tension, solidification rates, and whether the fusion is well-controlled during fabrication [17].



The tuning and control of process parameters are important with respect to obtaining the desired geometries, mechanical properties, microstructures, and surface quality. Volumetric energy density (VED), i.e., the laser beam energy transmitted to a volumetric unit of powder material, is a critical manufacturing factor to consider because it is correlated with several exposure and scanning parameters [18]. The VED directly impacts the shape, size, temperature, and cooling rates within and near the melt pool and could cause residual stresses with a consequent distortion of the fabricated part [19]. Moreover, it was demonstrated that modifications of the VED during the SLM process determine variations in the surface quality and microstructure of the part [20].



Furthermore, the obtainable surface roughness is affected by other specific problems. In [21], the authors distinguished between balling phenomenon and satellite formation. The former is defined as the formation of large spheres of molten and solidified material partially incorporated into the processed layer. Conversely, the latter is defined as particles sticking to the surface due to the melt spattering or partial remelting with insufficient energy to incorporate them into the melt pool. With respect to the final roughness, balling is the most effective phenomenon, as it is characterized by dimensions larger than the laser spot diameter.



Additionally, the surface roughness and morphology are affected by the staircase effect, which is directly related to the building orientation, the layer thickness, and the designed geometry [22].



The surface quality of SLM is a crucial aspect to consider for the fabrication of functional and aesthetic components. Typically, other post-processing operations must be performed to enhance the surface quality of selective laser-melted (SLMed) parts, such as shoot peening [23,24], sandblasting [25], machining [26,27], and barrel finishing (BF) [28,29]. Such operations improve the surface in terms of roughness; measurement of the surface state during these processes is necessary to evaluate the evolution of the surface morphology and to understand when to stop the finishing process. Surface monitoring is important, especially for post-processing processes such as BF, which are difficult to predict because of the lack of models and formulations.



The importance of obtaining sufficient surface quality increases the need to measure the overall surface topography during manufacturing operations. For more than a century, 2D profile measurements were adequate to control industrial surface fabrication. With the increasing need to control a wide range of functionalities (optical, tribological, fluidic, biological, etc.), a considerable growth in the use of areal measurements has occurred. Many standards have been introduced, as well as parameters and characterization methods able to provide specific information in a broad range of subject areas [30].



Some of the new parameters are extensions of the well-established roughness parameters. Norms such as ISO 4278 [31] for parameter definition and ISO 4288 [32] for selection of the cutoffs have been regularly confirmed without modifications. A milestone in areal analysis is the recent ISO 25178 [33], which establishes a new basis for surface texture characterization. It divides the areal parameters into several categories, such as height, functional, volume, and spatial parameters, etc.



Height parameters, such as Sa (arithmetical absolute mean of the referred heights of the surface) and Sq (root mean square of referred heights) are evaluated over the complete 3D surface to indicate significant deviations in the texture characteristics. Other height parameters, such as Sp, Sv, and Sz, are calculated from the surface’s maximum peak and minimum valley height. The shape of the height distribution is given by Ssk and Sku for symmetry and sharpness, respectively. A negative Ssk value indicates that the surface is made up of a predominant plateau and deep valleys, whereas a positive value is related to a surface with a disproportionate number of peaks. A Gaussian surface has a symmetrical shape; thus, the Ssk is zero. The Sku, in this case, is 3 whereas a surface with a well spread-out distribution is platykurtic (Sku < 0), i.e., it is possible to identify a plateau-honed surface with relatively flat peaks and deep valleys. Conversely, an Sku > 0 indicates that the surface is composed of many high peaks and low valleys (leptokurtic distribution).



Functional parameters are calculated based on the material ratio curve (the Abbott-Firestone curve). Two material volumes (Vmp and Vmc) and two void volume parameters (Vvc and Vvv) are defined. Vmp indicates the amount of material that is prone to be worn away at a specific material ratio, whereas the core material volume (Vmc) is related to the amount of remaining material that is capable of load supporting after the removal of levels of the surface. Vvc and Vvv are useful for coating applications, as well as when fluid flow is considered.



Spatial parameters are indicators of uniformity of the surface, and their calculation is derived from the autocorrelation function (ACF). Str is defined as the minimum to maximum radii ratio calculated by thresholding the central ACF peak. If the surface shows a privileged orientation, the radii are markedly different, resulting in a low Str value. Conversely, isotropic surfaces have an approximatively circular central peak, and the Str tends toward a value of 1. The minimum radius value is defined by the Sal parameter, which provides a useful indication of the spectral content of the surface. Determination of privileged directions of the surface texture is possible through the Fourier spectrum. A widely used diagram is the so-called spectrum polar graph, which plots the power spectrum in each direction; the highest values correspond to the most important texture direction.



Another important surface feature is flatness. Definitions of the elements necessary for proper determination of the flatness deviation (such as the nominal, reference, and real planes) are provided in ISO 1011 [34]. A commonly used parameter is the FLTq, which is defined as the square root of the sum of the squares of the local deviation from the reference plane [35].



In this work, we employ areal analysis to study surface textures in two motivating case studies.



Our aim is to highlight how areal analysis can identify important surface features in SLM parts and suggest reasonable causal sources. We investigate the effect of building orientation and BF post-processing surface evolution on simple geometries. Traditional 2D profile measurements are applied for comparison, demonstrating a marked variability and anisotropy of SLMed surfaces.



The analysis is extended to a complex geometry in the second case study to demonstrate BF accessibility issues. The evaluation of specific outcomes allows for understanding of how the secondary finishing operation must be implemented. A typical critical point is the selection of the processing time, which typically must assure the best attainable surface quality. This knowledge informs when to stop the operation to avoid further modifications that could damage the outcome and nullify the previous technological steps.




2. Material and Methods


2.1. 3D-Map Measurement


The approach used in this work is based on the use of maps extracted from different surfaces. As our focus is on areal analysis of SLM surfaces, which are naturally affected by a high degree of vertical deviation (high roughness and large Sz), there is a need to perform high-resolution measurements on these surfaces. The most reliable method is measurement with roughness profilometer.



The system chosen for the mentioned purpose is Mitutoyo SJ 410 (Mitutoyo, Sakado, Japan), which is typically used for roughness measurement. A stylus with a 180 mm length and a 2µm tip radius is used, resulting in a maximum vertical height of 2400 µm. This feature is useful for long measures on curved components. The vertical precision is 16 nm, which is sufficient for SLM profiles. The measurement is reliable as long as the contact does not cause local surface deformation. Therefore, the pre-amplifier is balanced so that the contact force is 0.75 mN, which causes negligible stress-induced deformation on metallic parts, e.g., an aluminum or titanium alloy. The high traveling distance allows for exploration of large areas. The main information from the profilometer datasheet is summarized in Table 1.



Map data were acquired without applying filtering. For comparison, some single profiles were filtered according to ISO 16610 [36], and roughness parameters were calculated according to ISO 4287 [31].



3D maps are achieved by repeating the profile measurements transversely. The positioning is assured by a stage moved by a stepping motor and commanded by dedicated electronics.



In order to assure adequate sequencing of the operations and ensure appropriate positioning dynamics, the stage and the profilometer are commanded in a unique platform. Wolfram Mathematica 13.1 (Wolfram Research, Inc., Champaign, IL, USA) is used both for commanding/controlling and data analysis. The system framework is shown in Figure 1a. A Mitutoyo-specific language is adopted to fully sense the profilometer through a dedicated control unit. Arduino UNO (Arduino, Somerville, MA, USA) is selected because it provides low-level, general-purpose input and output through serial dialoguing with Wolfram Language.



The developed code has the goal of fully automatizing the measurements according to the following operations:




	
The stylus is positioned at the beginning of the measurement area;



	
The profilometer starts measurement at 0.5 mm/s speed;



	
The profile is cropped at the beginning and the end to eliminate starting and stopping dynamics;



	
The data are acquired as an x-z temporary file;



	
The stylus returns to its initial position at a 2 mm/s speed;



	
The stage moves the part to the next y position;



	
The operation pauses for 1 s to avoid vibration phenomena;



	
Operation 2 is repeated until the y positioning is complete; and



	
The map is built by composing all the temporary files in an x-y-z structure.








The layout of the system is shown in Figure 1b.




2.2. Fabrication Method


The SLM specimens used in this work were produced using an EOSINT®M290 machine (EOS GmbH, Krailling, Germany). The building volume of the mentioned printer is 250 × 250 × 325 mm3, the laser is a 400-W ytterbium fiber continuum laser, and the diameter of the beam spot is 100 μm. The printing process was carried out in an inert atmosphere using argon containing less than 0.1% oxygen. In order to reduce the effect of residual stresses, the building platform was preheated to 200 °C.



The material used in the case studies is Ti4Al6V, supplied by EOS [37], which is a widely used material for metal AM characterized by the chemical composition reported in Table 2.



Figure 2a shows the morphology of the titanium powder. The particles are almost spherical, with a variety of diameter sizes. The volume distribution of equivalent diameters is asymmetrical (blue curve), and the corresponding cumulative volume (orange curve) is characterized by the following metrics:    d  10    ,    d  50    , and    d  90    , which are the intercepts for 10%, 50%, and 90%, paired to 26.2 μm, 34.8 μm, and 71.3 μm, respectively.



The processing parameters are set according to the EOS standard directive for this material. The layer thickness is set at 30 µm, and the consecutive layers are rotated by 67° to minimize out-of-plane distortion. A stripes strategy is used for scanning, subdivided into internal and external scanning. The former is the hatch infill, which gives the part bulk resistance. The latter is more relevant to the scope of this paper because it characterizes the external surface. The bottom and top layers of the part are scanned through the so-called upskin and downskin, respectively. The lateral side is consolidated by using the contour strategy, which provides a set of parameters with the aim of improving the final part surface. The set of parameters is indicated in Table 3. Abrasive cutting is then used to detach the specimen from the building platform.




2.3. Secondary Finishing


BF is a mass finishing technology that permits deburring, generation of corner radii, part cleaning by removing rust, and surface finishing [38]. The process is performed via an octagonal rotating barrel filled with a charge composed of parts, media, water, and compound. When the barrel rotates, the charge is moved upward until a critical angle is reached; therefore, a layer called the active layer slides down, resulting in a relative velocity between parts and media, generating a delicate abrasion and microremoval of material [28]. Fixturing of the parts during the process is not required; hence, this process is suitable for components with a variety of sizes, shapes (also complex), and materials, such as AM components [39]. The main BF process parameters are the filling percentage and the rotational speed [40]. Depending upon these two parameters, six different motions, namely sliding, slumping, rolling, cascading, cataracting, and centrifuging, can occur inside the barrel [41]. Only two motions, i.e., rolling and the cascading, permit the microremoval of material. The rolling regime is characterized by slower rotational velocities and results in a more delicate action than the cascading regime. In [29], it was observed that the cascading motion achieves the same results as the rolling regime in a quarter of the working time.



In this experiment, a Rotar EMI 47 (ROTAR PRECISION MACHINERY INDUSTRIAL CO., LTD., Taichung City 411, Taiwan) machine characterized by an inclined octagonal barrel with a diameter of 400 mm is employed. It is equipped with an asynchronous motor with electronic speed control to permit its rotation. The employed media are composed of a matrix of synthetic resin and a mix of alumina, silica, and silicon carbide powders as abrasive. They are suitable to process metal components. They present an angled-cut, cylindrical shape with a diameter of 15 mm and a height of 25 mm. The BF process parameters, i.e., the rotational speed and the barrel-filling percentage, are chosen in order to guarantee, for this specific charge, the rolling and cascading motions. Considering the expertise of the authors, the filling percentage is fixed at 50% of the barrel volume; 30 and 42 rpm rotational speed values are considered for the rolling and cascading motions, respectively.





3. Results


3.1. First Case Study


In this case study, the surfaces of three Ti6Al4V tensile test specimens fabricated by SLM with three different building angles (0°, 45°, and 90°) are analyzed before and after BF conditioning.



Figure 3a shows the EOS preprocessing environment, namely the EOS Print 2.4 (EOS GmbH, Krailling, Germany), which allows for orientation of the parts (colored in grey) on the building platform and design of the support structures (colored in red). A selection of SLMed specimens for different building orientations is shown in Figure 3b. A significant improvement can be observed between the original specimen (as is) and that after conditioning (BFed).



Figure 4 shows the 3D map achieved by the system at a 0° building orientation. It reflects a typical outcome of the SLM fabricated part. As it is a horizontal surface, laser scanning is performed perpendicularly to the area; hence, the texture is predominantly composed of laser tracks and is highly visible in this case. Some profiles were extracted to highlight the limit of traditional roughness analysis on objects fabricated via SLM. The separation between small-scale and long-scale contributions, namely the roughness and the waviness, was determined via Gaussian filtering according to ISO 16610-21 [36]. The roughness profile was used to calculate the traditional R parameters [42]. For profile A, the calculated Ra is 4.24 µm, which is very close to the Rq value, highlighting a regular profile. The shape is symmetrical, as confirmed by an Rsk value close to 0, and slightly leptokurtic (Rku equal to 3.19). The spacing is expected to equal the value of the hatch distance (0.14 mm). The measured value of 0.155 mm confirms this theoretical aspect, considering that the measure is slightly inclined with respect to the scanning direction. However, this profile cannot describe the SLM behavior. In fact, by taking profile B, the measured Ra is almost three times the previous outcome, with doubled peak-to-valley height (Rt). The shape is deformed; the height distribution is asymmetrical and platykurtic. Additionally, the spacing markedly increased to the value of 0.260 mm. The Dq, which is an indication of the reflectiveness of the surface, is unchanged, as the increase in Ra is equal to the increase in spacing. In profile C, the spacing is increased, as expected, as the direction of the measure is taken almost parallel to the scanning strategy. However, the amplitude and shape parameters, which are mathematically unaffected by the measure direction, are changed again; the height distribution is markedly platykurtic, with Ra, Rq, and Rt at intermediate values with respect to the previous profiles. The Dq of this profile is markedly reduced in this case.



A surface inclined by 45° with respect to the stratification direction is shown in Figure 5. It is well-known that this angle affects the part quality. Profiles A, B, and C are extracted in different zones and show very different roughness parameters. In this case, the spacing changes considerably, as well as the shape of the height distribution; the balling effect is expected to result in chaotic behavior. In profile A only, the distribution is close to the Gaussian type. The most used parameter, Ra, changes by more than 50% around its mean value. In this case, the Dq value is low, along with the vertical measurement.



The previous analysis points out that single measurements taken on an SLM surface are not enough to adequately describe the quality. Thus, the non-homogeneity of the surface must be characterized via areal analysis carried out on 3D maps.



The data are arranged in an x-y-z array and graphed in a pseudo-color view, as reported in Figure 6a. It is evident that the surface is not homogeneous, with depressed areas and peaked zones. However, the height distribution is symmetrical, as confirmed by the Ssk parameter, with a value very close to zero. The Sku parameter indicates that this distribution is Gaussian. Hence, the Sv and Sp are expected to be similar. This is confirmed by the outcome. The values of the calculated parameters are reported in Table 4.



However, this description does not describe the previously evidenced texture due to the laser tracks. By calculating the autocorrelation function, it is possible to determine in which direction this function quickly decays. Figure 6c shows a polar plot of the main directions; 72.43° represents the most prominent direction. It is evident that this is exactly the direction with which the laser tracks are aligned. Other determined directions are 90.01° and 84.74°, with lower amplitude. The Sal and Str parameters are calculated as 0.25 mm and 52.94%, respectively, highlighting a marked anisotropy, as expected.



SLM fabricated surface rarely present with sufficient quality for functional application. Thus, a secondary finishing operation is required. The BF can be joined with the SLM due to the benefit of geometrical complexity freedom. The surface improvement is generally provided by material removal; hence, such characterization is of decisive importance.



The functional parameters consist of a cumulative sum of height cuts at specific points derived from the Abbot curve. Figure 7a is an example of thresholding the data at two specific points. Assume that the removal action removes all the peaks above 70% of the height range, and in a second moment, an additional 20% is removed. Red and green colors represent these ideal removal operations, whereas the blue color indicates the left area. The material removal is not homogeneous and cannot be approximated to a horizontal planar cut. Thus, it is important to quantify how material removal is achieved. The functional parameters are represented in Figure 7b within the Abbot curve, and their values are reported in Table 5. The Vmp, i.e., the peak material volume, represents the volume of material at a certain areal material ratio (the standard suggests 10%). In this case, this parameter is 0.00035 mm3/mm2. The parameter Vvv represents the volume of the valleys and is conventionally set at 80% of the areal material ratio. The obtained value is 0.0009182 mm3/mm2. These parameters are useful to understand the removal efficiency. In the case of BF, because the action takes place mainly on the peaks, a more impressive reduction in Vmp than Vvv is expected. Additionally, when the valleys are affected by the operation, conditioning should be stopped, or the surface can be damaged.



When BF takes place, the surface is considerably modified. After 12 h processing time, the previous texture is no longer visible, and only a few traces are recognizable (Figure 8a). This provides a homogeneity to the surface, as evidenced by the polar plot shown in Figure 8b. Multiple low-intensity angles are the main indications that the SLM fingerprint is going to be eliminated. Accordingly, the isotropy is increased at 66.73%. The volume analysis indicates that the peaks are markedly reduced, and the valleys begin to be altered (Figure 8c). At 24 h, almost all the previous traces are eliminated. Figure 8d highlights three main bumps (colored in green). Depression can also be observed in the top-right part of the image. Analysis of the directions (Figure 8e) confirms a slight improvement in the Sal and Str parameters, with an isotropy value of 70.80%. At this processing time, volumetric analysis indicates that the valleys are considerably reduced, suggesting that they are affected by the BF tools (Figure 8f). In this case, further conditioning can cause damage due to microfatigue and microcracking phenomena.



As expected, after 48 h processing time, some issues occur. Few defects are present in zones previously unaffected by bumps (Figure 9a). Moreover, defects have a new shape (elongated), and the previously mentioned depression is more evident. As a result, the anisotropy is markedly reduced, as highlighted by the Str parameter (22.25%). The spectrum polar plot indicates a host of directions with high amplitude (Figure 9b). This condition is typical of deformed surfaces. Flatness analysis can measure this deviation, indicating when to stop the operation. The FLTq parameter at this working time is increased by 35% with respect to the previous time. This could be due overconditioning phenomena, which cause damage and alter the waviness of the surface. This is confirmed by volumetric analysis; the Vvv value is further decreased, and the Vmp is now increased (Figure 9c). This indicates that the valleys are now conditioned, but new peaks are formed. In order to investigate different BF effects, the rotational speed is reduced to understand whether a more delicate action can improve the flatness. Figure 9d is the surface false-color visualization at 48 h with a reduced barrel rotational speed. The outcome shows new local bumps. The Sa is the same as in the previous case, but the anisotropy is increased, leading to an Str value of 64.54% (Figure 9e). In this case, the flatness is improved, as confirmed by an FLTq value close to that at 24 h working time, with a high rotational speed. Volumetric analysis indicates alterations similar to those in the previous case (Figure 9f). In conclusion, a low rotational speed after 48 h can provide flatness quality and an Sa value equal to that in the high-speed case at 24 h; therefore, this is not convenient, and the speed must be limited to the 24 h value, or the damage of the action may induce anisotropy and a lack of flatness.



The previous analysis can be repeated for the 45° and 90° building orientations, with some differences in terms of the outcomes.



Figure 10a–d shows the 3D maps for the 45° build orientation at different working times. The initial morphology is uniform with high isotropy (Str = 56%). After 12 h, the peaks are markedly reduced, and the surface appears to be more planar. However, flatness analysis shows that the quality is not improved at this stage, as the remaining peaks are non-uniform. The flatness is improved at 24 h, with only some bumps still present. At 48 h, the 0° issues are apparently resolved.



The 90° slope shows a similar trend, as reported in Figure 11a–d. In the beginning, the surface is characterized by a high density of peaks that are probably difficult to remove. At 12 h and 24 h, the density of bumps is higher than in the 45° case at the same time. However, they appear to be completely removed after 48 h. Evaluation of the areal parameters indicates both differences and similarities between the investigated building orientations.



The Sa trends are shown for the various slopes in Figure 12a. Notwithstanding the different starting Sa values, all the surfaces are reduced to about 1 µm after 24 h. After 48 h, a slight improvement is observed for 45° and 90°, whereas the 0° Sa value remains unchanged. The Str values of the analyzed surfaces are similar to those before BF employment (Figure 12b). As previously described, the 0° surfaced is subjected to an isotropy improvement for the first 24 h. Conversely, after 48 h, the isotropy dramatically decreases to a value less than that measured at the beginning of the process. The 45° surface presents with a descending in the first 24 h, returning to its starting value only when all the traces are deleted. The 90° surface presents with a slightly decreasing trend after an initial improvement, signaling that the underlying defects of SLM and that the operation should be stopped. Analysis of the peak volume (Figure 12c) confirms the action of BF, which gradually alters the profiles from the top to the bottom. As previously mentioned, only the 0° surface shows an opposite trend at 48 h; therefore, the operation should be stopped at the previous time step. This issue is indicated by the FLTq value: up to 24 h, it decreases, indicating satisfactory processing; at 48 h, the flatness is worsened by new local new damage (Figure 12d). The 45° case, as discussed, requires more than 12 h to achieve an improvement, after which the trend is reverses; therefore, 48 h processing time assures the best result. The 90° slope is characterized by a continuous improvement in flatness.



As a conclusive investigation, the as is SLMed surfaces at the investigated building angles are compared by means of the calculated areal parameters. Figure 13a shows the values of Sa ad Sz. As expected, the trends increase with the building angle; however, the rate of increase of Sz is greater than that of Sa. In other words, the wider the building angle, the greater the ratio between Sz and Sa. This indicates that inclined surfaces are more affected by deeper and/or higher defects than horizontal surfaces, where the laser perpendicularly processes the surface. With respect to isotropy (Figure 13b), Sal parameter differs considerably at all investigated angles. The Sal indicates the minimum distance at which similar structures can be observed. At 0°, the texture is mainly characterized by tracks with few local defects and a Sal value of 0.25 mm. At 45° and 90°, the balling phenomenon becomes predominant, reducing this minimum distance, as confirmed by the low Sal values. Conversely, the Str highlights similar measures of the surface isotropy for all investigated angles. The volumetric analysis is summarized in Figure 13c. As the height parameters increase with the building angles, the volumetric parameters (Vmp and Vmc) increase accordingly. The ratio between Vmp and Vmc indicates the relative volume of the surface peaks with respect to the core. As evidenced by the graph, the 0° surface is characterized by a smaller peak relative volume than the other inclined surfaces. This indicates that fewer peaks need to be removed in the subsequent finishing operations from the starting profile; accordingly, a heavier or faster operation is required for inclined surfaces. The comparison via flatness analysis shows that the outcomes for the selected building angles differ slightly (Figure 13d); the worst case is the 0°, and the best result is obtained for the 45° angle.




3.2. Second Case Study


A complex geometry is fabricated for the second part of this case study. The part is shown in Figure 14. Maps are generated of the outer and inner surfaces in order to evaluate the different actions provided by BF. The limited access to internal zones may reduce the efficiency of the operation, as the process is based on granular flow.



The maps were generated after fabrication and at the same working times as in the previous case, namely 12 h, 24 h, and 48 h, with additional extensions at 60 h and 96 h to investigate possible issues or completion using the slow rotational speed.



Figure 15a–d shows maps for the external zones. The evolution complies with the previous behaviors. The as-is surface (Figure 15a) is characterized by high peaks and valleys, which are markedly reduced after 24 h BF (Figure 15b). After 48 h, deletion of the SLM fingerprint is complete; only small valleys can be observed from in map shown in Figure 15c. The working time is extended to 96 h to analyze possible issues; only a slight improvement is observed in the 3D maps (Figure 15d).



As expected, slower modifications are observed in the internal zones. The 3D map before BF is shown in Figure 16a. The morphology is similar to that of the external zone, as SLM processing does not distinguish between wall faces (Figure 16a). After 24 h, the highest peaks are removed, but the action is evidently slower than before (Figure 16b). The peak-to-valley height is only marginally reduced. At 48 h, the valleys are still not affected by the operation; thus, further action is expected to provide an improvement. The motivation is clarified if the valley sizes are considered; they are smaller than the media size, so they cannot be conditioned (Figure 16c). If a very long working time is employed, a further improvement is obtained, as shown in Figure 16d.



The areal parameters quantify the previous observations. The Sa trends reported in Figure 17a highlight varying exponential decays for the analyzed zones: at 48 h, the external zones reach the 0.5 µm plateau, whereas the internal zones require twice the working time to achieve a value of 2.4 µm. Analysis of the anisotropies allows for deduction of some considerations. The Sal behavior confirms the trend observed in the tensile test specimens; in the beginning, conditioning increases the isotropy by cutting the highest peaks, and the operation reveals underlying anisotropic shapes of the surface (Figure 17b). Different speeds are observed for external and internal zones. The Str parameter indicates a global isotropy that is slowly decreasing for the internal surface, but a limit must be evidenced for the external surface (Figure 17c). After 60 h, the isotropy trend is inverted, indicated that some new local defects are created, as reported for the 0° case. This suggests that the operation should be stopped in advance. The graph in Figure 17d concerns the flatness trends; after only 24 h, the a satisfactory result is obtained on the external surface, with a slight increases at 60 h for the previously stated reasons. The flatness of the internal surfaces is constantly reduced because the operation continues to remove material from the peaks, and valleys are not still reached. Two possible solutions for these contrasting needs can be proposed. The first option is to select a working time that balances the attainable quality in accordance with the demands of the application (maximum Sa, uniformity, and flatness). A more complicated solution is to stop the BF machine when the optimal result is achieved in the external zones, selectively cover these zones, and restart the process to complete the internal zones.





4. Conclusions


The results presented in this work reveal the capability of areal analysis when applied to objects produced by SLM. The selected case studies underline how the application of a secondary finishing operation, such as BF, can be investigated in depth, providing many important processing indications.



The obtained results led to the following conclusions:




	
The use of 2D roughness analysis is not sufficient to describe the texture of SLMed surfaces, they exhibit non-homogeneities and anisotropies;



	
The application of BF allows for improvement of the surface quality, but different building orientations result in differing starting surface textures with varying evoltions, as demonstrated by conditioning;



	
Volume analysis confirms the BF mechanism, which is characterized by a marked reduction in the average peak volume, whereas the valleys are only slightly modified;



	
In the case of 0° surfaces, satisfactory isotropy and height parameters are obtained after 24 h. Beyond this time, functional analysis reveals that the valleys are altered, and new damage occurs. Flatness analysis reveals an increase in the FLTq parameter, suggesting that BF should be stopped at 24 h;



	
Conversely, 45° and 90° surfaces require the longest investigated processing time to achieve good surface quality;



	
The application of a slower BF rotational speed results in a more delicate action, as the rolling motion takes place within the barrel. Analysis indicates that the result after 48 h are the same as those achieved by BF at high speed after 24 h, making it a non-economic choice;



	
The second case study involves a complex geometry. External surfaces confirm the results obtained for a simple geometry in terms of height parameters, volume analysis, and isotropy;



	
The internal surfaces undergo slower decay of the areal parameters due to the reduced accessibility of the measured zone. As a consequence, the processing time must be extended for internal surfaces.
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Figure 1. Framework of the system (a) and measurement layout (b). 
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Figure 2. SEM photo (a) and granulometry analysis (b) of Ti6Al4V. 
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Figure 3. Specimen models and support structures; (a) fabricated specimens; (b) for different building orientations before and after the BF employment. 
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Figure 4. 3D surface map at 0° slope (a): profiles A (b) and B (c) extracted horizontally and profile C extracted vertically (d). 
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Figure 5. 3D surface map at 45° slope (a): profiles A (b) and B (c) extracted horizontally and profile C extracted vertically (d). 
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Figure 6. Pseudo-color view of the 0° slope surface: (a) histogram and Abbot curve (b), as well as polar spectrum graph (c). 
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Figure 7. Threshold analysis (a) and volume parameters (b). 
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Figure 8. Analysis of the 0° slope surface after 12 h working time: false color map (a), isotropy analysis (b), and functional analysis (c). Analysis of the same slope after 24 h: false color map (d), isotropy analysis (e), and functional analysis (f). 
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Figure 9. Analysis of the 0° slope surface after 48 h working time: false color map (a), isotropy analysis (b), and functional analysis (c). Analysis of the same slope after 48 h with a slow rotational speed of the barrel: false color map (d), isotropy analysis (e), and functional analysis (f). 
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Figure 10. 3D maps of 45° building orientation surfaces before BF (a), after 12 h (b), after 24 h (c), and after 48 h (d) working time. 
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Figure 11. 3D maps of 90° building orientation surfaces before BF (a), after 12 h (b), after 24 h (c), and after 48 h (d) working time. 
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Figure 12. Trends of areal parameters for investigated building orientations: Sa (a), Str (b), Vmp (c), and FLTq (d). 
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Figure 13. Areal roughness parameters for investigated building orientations: Sa vs. Sz (a), Sal vs. Str (b), Vmp vs. Vmc, and Vmp-to-Vmc ratio (c), and FLTq (d). 
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Figure 14. SLMed propeller for case study 2. 
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Figure 15. Propeller external SLMed surface after (a) 24 h (b), 48 h (c), and 96 h (d) BF working time. 
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Figure 16. Propeller internal SLMed surface after (a) 24 h (b), 48 h (c), and 96 h (d) BF working time. 
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Figure 17. Trends of areal parameters for external and internal zones of the propeller for different BF working times: Sa (a), Sal (b), Str (c), and FLTq (d). 
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Table 1. Profilometer datasheet.
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	Vertical Height
	Vertical Precision
	Tip Radius
	Travel Speed
	Vertical Force
	Travelling Distance





	2400 µm
	16 nm
	2 µm
	0.5–2 mm/s
	0.75 mN
	50 mm
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Table 2. Ti4Al6V mechanical properties.
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	Chemical Composition
	AL
	V
	Fe
	C
	N
	H
	O
	Ti





	Ti6Al4V (wt.%)
	5.5–6.8
	3.5–4.5
	≤0.30
	≤0.08
	≤0.05
	≤0.015
	≤0.20
	Balanced
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Table 3. Exposure parameters for Ti6Al4V.
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	Power

(W)
	Scan Speed

(mm/s)
	Hatch Distance

(mm)
	Contour Offset

(mm)





	Hatch infill
	280
	1200
	0.14
	-



	Hatch upskin
	280
	1200
	0.14
	-



	Hatch downskin
	120
	1000
	0.10
	-



	Contour
	150
	1250
	-
	0.02
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Table 4. Primary surface, spatial parameters, and functional parameters for the 0° slope surface.
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Height Parameters

	
Spatial Parameters




	
Sa

	
Sq

	
Ssk

	
Sku

	
Sp

	
Sv

	
Sz

	
Sal

	
Str






	
6.182

	
7.809

	
−0.04568

	
3.105

	
28.11

	
31.43

	
59.54

	
0.2529

	
0.5294




	
µm

	
µm

	

	

	
µm

	
µm

	
µm

	
mm
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Table 5. Functional parameters for the 0° slope surface.






Table 5. Functional parameters for the 0° slope surface.





	Vm
	Vv
	Vmp
	Vmc
	Vvc
	Vvv





	0.0003533
	0.01045
	0.0003533
	0.006908
	0.009534
	0.0009182



	mm³/mm²
	mm³/mm²
	mm³/mm²
	mm³/mm²
	mm³/mm²
	mm³/mm²
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